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Introduction {#ece31644-sec-0001}
============

Extrafloral nectaries (EFNs) are nectar‐secreting glands located outside of flowers and have been observed on a huge diversity of species, spanning over 93 families and 332 genera (Koptur [1992a](#ece31644-bib-0026){ref-type="ref"},[b](#ece31644-bib-0027){ref-type="ref"}; Marazzi et al. [2013](#ece31644-bib-0032){ref-type="ref"}). These nectaries may serve diverse ecological functions (Baker et al. [1978](#ece31644-bib-0004){ref-type="ref"}; Becerra and Venable [1989](#ece31644-bib-0010){ref-type="ref"}; Wagner and Kay [2002](#ece31644-bib-0046){ref-type="ref"}; Heil [2011](#ece31644-bib-0017){ref-type="ref"}), but primarily they are known to provide indirect defense against herbivores by attracting predatory insects, predominantly ants (Bentley [1977](#ece31644-bib-0011){ref-type="ref"}; Koptur [1992a](#ece31644-bib-0026){ref-type="ref"},[b](#ece31644-bib-0027){ref-type="ref"}; Rosumek et al. [2009](#ece31644-bib-0040){ref-type="ref"}; Heil [2015](#ece31644-bib-0018){ref-type="ref"}). Despite their unquestionable importance, relatively little is known about the factors that regulate EFN production. Uncovering these factors can help us understand how plants regulate their investment in defense, and how they manage and maintain interactions with beneficial insects.

Light conditions are likely to be particularly influential in controlling the expression of plant defensive traits, as light not only represents a crucial aspect of resource availability, but may also serve as an indicator of insect activity (Karban et al. [1999](#ece31644-bib-0023){ref-type="ref"}), or future competition (Izaguirre et al. [2006](#ece31644-bib-2000){ref-type="ref"}). Plants are well known to sense changes in spectral signals (e.g., Weller et al. [1997](#ece31644-bib-0047){ref-type="ref"}; Adams et al. [2001](#ece31644-bib-0001){ref-type="ref"}). Far‐red light, for example, is a component of the solar spectrum (710--850 nm) that is heavily reflected by plant tissues (Izaguirre et al. 2006). Increases in far‐red radiation, relative to the red portion of sunlight (620--750 nm), can be detected through the photoreceptor, phytochrome B (Ballare et al. [1990](#ece31644-bib-0008){ref-type="ref"}; Ballare [2014](#ece31644-bib-0007){ref-type="ref"}). A low red/far‐red (R/FR) light ratio is known to indicate the close proximity of competitors for many plants (Ballare [1999](#ece31644-bib-0005){ref-type="ref"}, [2014](#ece31644-bib-0007){ref-type="ref"}).

Plants exposed to low R/FR light conditions often express a suite of competition‐focused traits collectively known as the shade‐avoidance syndrome (Ballare [1999](#ece31644-bib-0005){ref-type="ref"}, [2014](#ece31644-bib-0007){ref-type="ref"}; Pierik et al. [2013](#ece31644-bib-0036){ref-type="ref"}). Responses associated with the shade‐avoidance syndrome include increased stem elongation, reduced lateral branching, and a reduction in resource allocation to defensive traits (Izaguirre et al. 2006). The expression of several direct plant defenses such as phenolic compounds (Moreno et al. [2009](#ece31644-bib-0035){ref-type="ref"}), and latex (Rasmann et al. [2009](#ece31644-bib-0039){ref-type="ref"}; Agrawal et al. [2012](#ece31644-bib-0003){ref-type="ref"}), is known to be reduced in low R/FR light.

Far less is known about the effects of light conditions on the expression of indirect plant defenses such as EFN. Light intensity is known to affect trade‐offs between indirect defenses in *Mallotus japonicus* (Yamawo and Hada [2010](#ece31644-bib-0048){ref-type="ref"}); however, only the effects of light intensity, and not light quality, were observed and so we know little about how these plants may respond to informational light signals. In lima beans (*Phaseolus lunatus*), the induction of EFN production with jasmonic acid (JA) has been shown to be dependent on light intensity, and on the ratio of R/FR wavelengths (Radhika et al. [2010](#ece31644-bib-0038){ref-type="ref"}). Izaguirre et al. ([2013](#ece31644-bib-0021){ref-type="ref"}) also observed EFN production in passion fruit (*Passiflora edulis*) in carefully manipulated light conditions. Plants (and plant parts) exposed to low R/FR light conditions exhibited reduced EFN production, compared to those exposed to higher R/FR light ratios, particularly in response to simulated herbivory.

Pine rockland habitats contain a high proportion of EFN‐bearing plants (27%) (Koptur [1992a](#ece31644-bib-0026){ref-type="ref"},[b](#ece31644-bib-0027){ref-type="ref"}), but the dynamics of EFN production in these species have rarely been studied (but see Rutter and Rausher [2004](#ece31644-bib-0041){ref-type="ref"}; Jones and Koptur [2015](#ece31644-bib-0022){ref-type="ref"}). *Senna mexicana* var. *chapmanii* (hereafter referred to as *Senna chapmanii*) is an herbaceous legume native to the pine rocklands of south Florida and the Caribbean. We have already shown that *S. chapmanii* plants produce more EFN in response to leaf damage (Jones and Koptur [2015](#ece31644-bib-0022){ref-type="ref"}). We have also observed that plants in shady conditions are less well defended by ants than those in direct sunlight (I. M. Jones, S. Koptur, J. Tardanico, H. Gallegos and P. Trainer, unpubl. data).

In this study, we investigated the effects of light intensity and R/FR light ratio on EFN production in *S*. *chapmanii*. Both artificially defoliated and undamaged plants were tested. We expected EFN production would be increased in response to leaf damage and high light intensity, but reduced in response to low R/FR light ratios. Understanding the factors that control EFN production is important, because such variations affect the number and identity of insect visitors, and the effectiveness of plant defense (Fig. [1](#ece31644-fig-0001){ref-type="fig"}).

![Extrafloral nectary on the leaf rachis of *Senna mexicana* var. *chapmanii*. Photograph by Ian Jones.](ECE3-5-4108-g001){#ece31644-fig-0001}

Methods {#ece31644-sec-0002}
=======

To control *S. chapmanii* light environments, film cylinders (50 cm in circumference and 60 cm in height) were constructed using three calibrated light filtration films. Film 1 (treatment film) was a metal sputter‐coated film designed to mimic shading by other plants by reducing photosynthetically active radiation (PAR) by approximately 80%, and reducing the ratio of R/FR light. Film 2 (control film), a dye‐impregnated film, was designed to reduce PAR by approximately 80%, but without impacting R:FR light ratio. Films 1 and 2 were supplied by the 3M Corporation (St. Paul, MN, 55144, USA) and have been used previously to test the effects of irradiance and spectral quality on forest tree seedling development (Lee et al. [1996](#ece31644-bib-0029){ref-type="ref"}). Film 3 was a clear acetate film which allowed approximately 90% PAR transmission and had no impact on R:FR light ratio. Film 3 was supplied by BLICK art materials (Galesburg, IL, 61402, USA), and controlled for the effects of the cylinders themselves. Twenty‐four film cylinders (8 of each type) were placed on a glasshouse bench. The open bottom of each cylinder was placed around the plant pot, and the top end was sealed closed using clear tape. Cylinders composed of the three film types were placed alternately in three rows running east to west (Fig. [2](#ece31644-fig-0002){ref-type="fig"}).

![Light filter cylinder arrangement. The letter D indicates plants subjected to leaf damage.](ECE3-5-4108-g002){#ece31644-fig-0002}

To determine the actual light environments within the film cylinders, the intensity and spectral distribution of light within the glasshouse were measured using a radiospectrometer (Unispec‐DC, PP SYSTEMS, Amesbury, MA, USA). These measurements were then compared with measurements taken inside the film cylinders 1, 2, and 3. Percentage transmittance of light through each film type, at a range of wavelengths (300--1000 nm), was then calculated. Three of each filter type were tested (Fig. [3](#ece31644-fig-0003){ref-type="fig"}).

![Mean percentage of light of different wavelengths (300--1000 nm) transmitted through the three filter types. Light gray bands indicate red and far‐red light wavelengths, while the dark gray band indicates crossover between the two. The sharp rise in percentage light transmission in film 1, starting at around 710 nm, indicates the desired increase in R:FR light ratio within film 1 cylinders.](ECE3-5-4108-g003){#ece31644-fig-0003}

*Senna chapmanii* was grown from seeds in the glasshouse on the Modesto Maidique campus at Florida International University. After 3 weeks, seedlings were transplanted into 0.6‐L pots, and 1.5 g of slow release fertilizer (Nutricote NPK; Florikan, Sarasota, FL, USA) was added to each plant. Plants were maintained in the glasshouse until they had at least 10 mature leaves. Experiments were conducted from June to August 2014.

Twenty‐four plants were placed randomly in the cylinders (Fig. [2](#ece31644-fig-0002){ref-type="fig"}). After 48 h inside the cylinders, 12 plants (4 from each cylinder type) were subjected to 50% leaf damage. Leaf damage was inflicted by removing 50% of each leaflet using scissors. The same damage treatments were used in a previous study (Jones and Koptur [2015](#ece31644-bib-0022){ref-type="ref"}) and induced a highly significant increase in EFN production in *S. chapmanii*. The remaining 12 plants were left undamaged. The experiment therefore had two independent variables, light quality and leaf damage.

Extrafloral nectar production, by each plant, was measured 12 and 24 h after leaf damage as the increase in EFN production by *S. chapmanii* in response to leaf damage has been shown to be greatest during this period (Jones and Koptur [2015](#ece31644-bib-0022){ref-type="ref"}). Leaf damage was inflicted at 7 am, so nectar measurements took place at 7 pm on the day of leaf damage, and at 7 am the following morning. Taking measurements in the morning, and at night, allowed us to calculate a mean EFN production for each plant, controlling for natural diurnal variations in EFN production. Nectar volume was measured using 1, 2, and 10 *μ*L micropipettes, and its concentration determined using a handheld refractometer. Total sugar production by each plant was then calculated as described by Jones and Koptur ([2015](#ece31644-bib-0022){ref-type="ref"}). The experiment was repeated 6 times, using a total of 144 plants.

We report EFN production as the mean mass of sugar (mg) produced by each plant, as this provides the best representation of defensive investment. Previous studies have often reported only nectar volume or concentration, both of which are affected by environmental factors such as temperature and humidity. Where we refer to EFN production in the discussion, we refer to mean sugar production.

Statistical analysis {#ece31644-sec-0003}
--------------------

Kruskal--Wallis H‐tests were used to compare EFN production between the three light treatments in damaged and undamaged plants. Post hoc comparisons between pairs of light treatments were then conducted separately using Mann--Whitney U‐tests. Holm\'s sequential Bonferroni adjustments were applied to control for type 1 errors. Damaged and undamaged plants within each light treatment were compared using Mann--Whitney *U*‐tests.

Results {#ece31644-sec-0004}
=======

Radiospectrometer readings confirmed that light conditions inside the cylinders were as expected (Fig. [3](#ece31644-fig-0003){ref-type="fig"}). Film 1 admitted between 10% and 30% of light in photosynthetically active wavelengths, but transmittance rose to almost 90% in the far‐red wavelength band. Film 1 therefore adequately mimicked shading by other plants, as compared to film 2, which admitted around 20% of light in photosynthetically active wavelengths, with transmittance rising only slightly in the far‐red band. Film 3, the clear film, admitted around 90% of light across all wavelengths (Fig. [3](#ece31644-fig-0003){ref-type="fig"}).

In all three light treatments, damaged plants produced more EFN than undamaged plants (Film 1: *z* = −2.492, df = 46, *P *=* *0.013; Film 2: *z* = −2.474, df = 46, *P *=* *0.013; Film 3: *z* = −2.062, df = 46, *P *=* *0.039). Light treatments significantly affected EFN production in both damaged (χ^2^ = 18.355, df = 2, *P* \< 0.001) and undamaged plants (χ^2^ = 23.014, df = 2, *P* \< 0.001) (Fig. [4](#ece31644-fig-0004){ref-type="fig"}).

![Mean sugar production (mg) by damaged and undamaged plants subjected to three light treatments. Error bars indicate standard error. Letters indicate significant differences.](ECE3-5-4108-g004){#ece31644-fig-0004}

Among damaged plants, those in clear tubes (film 3) produced significantly more EFN than those in 70% shade with reduced R/FR light ratio (*z* = −3.843, df = 46, *P* \< 0.001), and those in 70% shade (*z* = −3.350, df = 46, *P *=* *0.001). There was no difference in sugar production between plants in 70% shade with reduced R/FR light ratio, and those in 70% shade (*z* = −1.012, df = 46, *P *=* *0.311) (Fig. [4](#ece31644-fig-0004){ref-type="fig"}).

Among undamaged plants, those in clear tubes (film 3) produced significantly more EFN than those is 70% shade with reduced R/FR light ratio (*z* = −4.245, df = 46, *P* \< 0.001), and those in 70% shade (*z* = −3.343, df = 46, *P *=* *0.001). There was no difference in sugar production between plants in 70% shade with reduced R/FR light ratio, and those in 70% shade (*z* = −1.343, df = 46, *P *=* *0.179) (Fig. [4](#ece31644-fig-0004){ref-type="fig"}).

Discussion {#ece31644-sec-0005}
==========

Extrafloral nectar is an extremely widespread, often inducible trait that mediates food‐for‐protection interactions between plants and ants. Although the ecological role of EFN is well established (Bentley [1977](#ece31644-bib-0011){ref-type="ref"}; Koptur [1992a](#ece31644-bib-0026){ref-type="ref"},[b](#ece31644-bib-0027){ref-type="ref"}; Rosumek et al. [2009](#ece31644-bib-0040){ref-type="ref"}), far less is known about how changes in environmental conditions, even over small scales, may affect its production and, therefore, the outcomes of the interactions it mediates.

Plants in all three light treatments produced more EFN in response to leaf damage. Inducible EFN nectar production has been reported in many species (Stephenson [1982](#ece31644-bib-0044){ref-type="ref"}; Koptur [1989](#ece31644-bib-0025){ref-type="ref"}; Agrawal and Rutter [1998](#ece31644-bib-0002){ref-type="ref"}; Engel et al. [2001](#ece31644-bib-0016){ref-type="ref"}; Heil et al. [2001](#ece31644-bib-0019){ref-type="ref"}; Mondor and Addicott [2003](#ece31644-bib-0034){ref-type="ref"}; Choh and Takabayashi [2006](#ece31644-bib-0013){ref-type="ref"}; Lach et al. [2009](#ece31644-bib-0028){ref-type="ref"}; Heil [2015](#ece31644-bib-0018){ref-type="ref"}). Indeed, increased EFN production in response to leaf damage has been observed previously in *S. chapmanii* (Jones and Koptur [2015](#ece31644-bib-0022){ref-type="ref"}). We observe for the first time, however, that this induced response is maintained in light‐limited conditions, albeit at a lower level. It should be noted that, in the present study, we observed the effects of mechanical leaf damage and not true herbivory. Plants have been observed to respond to the oral secretions of specific herbivores (Kessler et al. [2010](#ece31644-bib-0024){ref-type="ref"}), and responses to damage have been shown to vary based on herbivore feeding guild (Schmidt et al. [2009](#ece31644-bib-0042){ref-type="ref"}; Sotelo et al. [2014](#ece31644-bib-0043){ref-type="ref"}). Future work therefore should focus on the effects of damage inflicted by key herbivores.

Light intensity had a significant impact on EFN production, as both damaged and undamaged plants produced more EFN at high light intensities. It might seem intuitive that a reduction in the availability of photosynthetically active light would reduce the level of resources available for defense. Indeed, some so‐called green nectaries may be isolated from phloem tissue and produce nectar only at a rate that can be supported by their own photosynthesis (Lüttge [2013](#ece31644-bib-0031){ref-type="ref"}). The resource availability hypothesis (RAH), however, suggests that low‐nutrient environments may promote greater investment in defensive traits, compared to nutrient‐rich environments where plants must grow quickly in order to compete (Coley et al. [1985](#ece31644-bib-0014){ref-type="ref"}; Endara and Coley [2011](#ece31644-bib-0015){ref-type="ref"}). The relationship between nutrient availability and defense is therefore complex, and assumptions that increased resources should lead to a greater investment in defense may be misplaced.

The carbon--nutrient balance hypothesis (CNBH) suggests that when a given resource limits plant growth, other resources, found in relative excess, may be allocated toward defenses (Bryant et al. [1983](#ece31644-bib-0012){ref-type="ref"}). For example, in light‐rich and nutrient‐poor conditions, plants are expected to invest in carbon‐based defenses, while in shaded but nutrient‐rich conditions, plants should invest more heavily in nitrogen‐based defenses (Lerdau and Coley [2002](#ece31644-bib-0030){ref-type="ref"}). Yamawo and Hada ([2010](#ece31644-bib-0048){ref-type="ref"}) found that light intensity affected the trade‐off between two indirect defenses in *Mallotus japonicus*. In low light conditions, both the size and the productivity of EFNs were reduced, but the production of pearl bodies was increased. These results seem to support CNBH, as pearl bodies are rich in protein and represent a significant nitrogen investment (Heil et al. [2004](#ece31644-bib-0020){ref-type="ref"}). Our observations that EFN production in *S. chapmanii* is reduced in low light conditions seem to reflect resource availability and contradict RAH. However, it remains possible that reduced EFN production may coincide with an increased investment in nitrogen‐based defensive compounds such as alkaloids. Future studies should seek to understand these dynamics, in *S. chapmanii* and other species.

The simplest and most elegant explanation for the observed pattern of EFN production may come from Millán‐Cañongo et al. ([2014](#ece31644-bib-0033){ref-type="ref"}), who observed reduced EFN production in shaded leaves of *Ricinus communis*. Changes in EFN production were shown to be mediated by cell wall invertase, an enzyme involved in the unloading of sucrose from the phloem into the nectary. Light conditions did not appear to affect cell wall invertase activity, so it was suggested that reduced EFN production was a result of lower sucrose content available in the phloem (Millán‐Cañongo et al. [2014](#ece31644-bib-0033){ref-type="ref"}).

Changes in R/FR light ratio had no effect on EFN production in *S. chapmanii*. Plants exposed to low R/FR light ratios produced slightly less EFN in both damaged and undamaged plants, but the differences were not significant. These results were surprising as light spectral quality has been observed to affect EFN production significantly in both lima beans (Radhika et al. [2010](#ece31644-bib-0038){ref-type="ref"}) and passion fruit (Izaguirre et al. [2013](#ece31644-bib-0021){ref-type="ref"}). It is possible that our shade treatments reduced overall light intensity to such an extent that the effects of light spectral quality were tempered. This seems unlikely, however, as Radhika et al. ([2010](#ece31644-bib-0038){ref-type="ref"}) showed that R/FR light ratio affected JA‐induced EFN production even at low light intensities. Our results suggest that *S. chapmanii* downregulates indirect defenses in response to shade, but that it does not do so in response to specific spectral signals that indicate competition.

This study contributes to an improved understanding of plant resource allocation, and the dynamics of defensive traits. Spatiotemporal patterns of EFN production are often adapted to optimize plant defense (Tilman [1978](#ece31644-bib-0045){ref-type="ref"}; Heil [2015](#ece31644-bib-0018){ref-type="ref"}). These patterns, however, are driven by simple physiological mechanisms that respond to environmental conditions (Heil [2015](#ece31644-bib-0018){ref-type="ref"}). We add to a growing understanding of how changing environmental conditions affect indirect plant defenses, and the interactions that they support.

Understanding how EFN production responds to changing light conditions is of particular importance in pine rockland habitats, where roughly 27% of plants bear EFNs (Koptur [1992b](#ece31644-bib-0027){ref-type="ref"}). Over the last century, roughly 98% of pine rockland habitat in south Florida (with the exception of Everglades National Park) has been destroyed for agriculture and urban development (Barrios et al. [2011](#ece31644-bib-0009){ref-type="ref"}). Due to their close proximity to dense human populations, the remaining fragments are frequently mismanaged. In particular, the fires that are necessary to maintain healthy pine rocklands are often suppressed (Possley et al. [2008](#ece31644-bib-0037){ref-type="ref"}). Pine rockland habitats are characterized by an open canopy, with high levels of light reaching the species‐rich herb layer. In the absence of fire, trees and shrubs quickly become overgrown, and understory plants are shaded. With this experiment, we hoped to create a clearer understanding of how changing light conditions in the pine rocklands might affect insect--plant interactions, and the fitness of plants that rely on these interactions for defense.
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